We measured the thermal expansion coef cients of an 18R-synchronized long-period stacking ordered magnesium alloy (Mg 85 Zn 6 Y 9 ) and an α-phase pure magnesium (α-Mg). This was achieved by using a Gandol camera, which was attached on a high precision diffractometer at SPring-8 BL40XU beamline. By using this system, ne powder diffraction data could be obtained even from a highly oriented Mg 85 Zn 6 Y 9 polycrystal at different temperatures between 95 and 440 K. The thermal expansion coef cients along a-and c-axes were determined from the re ned cell parameters. The thermal expansion coef cients of the Mg 85 Zn 6 Y 9 are smaller than those of the α-Mg.
Introduction
The magnesium (Mg) alloys with synchronized long-period stacking ordered (LPSO) phases are receiving attention due to their high strength, light-weight, and non ammable properties. The nature of these properties has been intensively studied by both experimental and theoretical approaches. [1] [2] [3] [4] However, many important physical constants of Mg alloys with LPSO phase are still unclear. This is because large single crystals of LPSO phase have so far been unobtainable. In most cases, polycrystalline ingot can be obtained by casting. A few LPSO Mg alloys such as 18R-Mg 85 Zn 6 Y 9 and 10H-Mg 75 Zn 10 Y 15 are obtained as a directionally solidi ed (DS) polycrystal, which consists of relatively large grains bigger than 100 μm. 5, 6) By using a DS LPSO Mg polycrystal, some experiments with the synchrotron radiation (SR) have already been reported, such as the grain boundary imaging by Laue diffraction with a compact compression test stage, 7) the in-situ observation of microstructural evaluation by small angle X-ray scattering, 8) and the measurement of the microscopic elastic properties by inelastic X-ray scattering. 9) The thermal expansion coef cient is one of the unclear important physical constants for LPSO Mg alloys. Especially for structural materials, the thermal expansion often crucially affects mechanical strength. To measure the thermal expansion coef cient of the LPSO Mg alloys, we therefore developed a Gandol camera attachment, 10) which is attached on a high precision diffractometer at the SPring-8 BL40XU beamline. [11] [12] [13] By using this system, ne powder diffraction pattern data can be obtained from a polycrystalline sample and/ or a highly oriented crystal as shown in Fig. 1 . In this paper, we describe the details of the Gandol camera attachment installed on the high precision diffractometer system and the measurements of thermal expansion coef cients of the 18R-LPSO Mg 85 Zn 6 Y 9 alloy and the α-phase pure Mg (α-Mg) by the SR Gandol camera method from 95 to 440 K.
14)

Experimental Procedure
The Gandol camera attachment consists of a small stepping motor and a small manual XY stage. This adopter was attached on the ω-stage of the high precision diffractometer that was installed at the BL40XU beamline of SPring-8 as shown in Fig. 2 . The rotation axis of the Gandol camera attachment (φ-axis) inclines 45 from the rotation axis of ω-axis, and these axes intersect at the X-ray beam position. The φ-axis can rotate continuously in 10.5 RPM, while the ω-axis moves −90 90 during a diffraction measurement. A XYstage was used to align a sample on the rotation center of the φ-axis. The eccentricities of φ-and ω-axis rotation are less than 30 μm and 1 μm, respectively. These are smaller than the X-ray beam and measurement samples.
By using this attachment, the diffraction measurements were carried out for polycrystalline samples of an 18R-LPSO Mg alloy (Mg 85 Zn 6 Y 9 ) and an α-Mg at different temperatures from 95 to 440 K.
The Mg 85 Zn 6 Y 9 sample was prepared by Sharan Instruments Corporation (Aomori, Japan). The small piece of sample was cut from a DS ingot with a diamond cutter. To remove the deformed LPSO phase regions, its surface was polished by Mujohran (Non-disturbance) polishing method, which is a surface polishing technique without disordering the con guration of crystalline samples. For the α-Mg sample, a Mg chip for chemical synthesis was cut using a stainless steel razor blade under an optical microscope into a suitable size for X-ray measurement without polishing. The Mg 85 Zn 6 Y 9 and α-Mg were 0.3 × 0.3 × 1.0 mm 3 and 0.2 × 0.2 × 0.3 mm 3 , respectively. Each sample was attached to the tip of a glass needle with an epoxy glue ( Fig. 3(a) and (b)).
The diffraction measurements were carried out at BL40XU beamline of SPring-8. The X-ray beam generated from the helical undulator was monochromatized with the Si(111) channel cut monochrometor and shaped by 100 × 100 μm 2 slits. The photon ux was 3.5 × 10 10 photons/sec, but appropriate lters were selected to attenuate the intensity of X-ray beam during the measurement. The wavelength (λ = 0.07835 nm) was calibrated by the powder X-ray diffraction pattern of CeO 2 (NIST SRM 674b).
In this experiment, an imaging plate (IP) was used as a detector not only to cover a wide range of 2θ angle up to 78 but also to avoid the detector noise due to long exposure. Because of slow rotation speed of φ-axis (10.5 RPM), the measurement time for one temperature takes 55 and 45 minutes for the Mg 85 Zn 6 Y 9 and the α-Mg, respectively. The sample temperature was controlled by using a nitrogen gas ow temperature control system. The stability of temperature was less than 1 K. The nitrogen gas ow prevents the oxidation of samples caused by the ionization effect of the high ux density X-rays. The measurement temperatures were calibrated with a thermocouple at the sample position before diffraction measurement. The calibrated measurement temperatures were 95.0, 151.0, 198.2, 244.9, 293.4, 342.7, 388.8, and 437.3 K.
After X-ray diffraction measurements, the IP was read out by using an IP reader (Fuji lm FLA-7000). The diffraction images shown in Fig. 3 (c) and (d) were converted into one-dimensional powder diffraction patterns with conversion software. The cell parameters at each temperature were rened by using the powder diffraction analysis software (Rigaku PDXL2). 15) Furthermore, the thermal expansion coefcients were calculated from the second order approximation of the cell parameter change with temperature. 5) To determine the supercell, we have to measure very weak diffuse scattering. However, because the diffuse scatterings are dif cult to rene, they were ignored during cell re nement in this experiment. The a-axis was therefore re ned as the a Mg hexagonal unit cell. The re ned cell parameters and R wp are listed in Table 1 . For each sample, the cell lengths increase as temperature increases (Fig. 4) .
Results and Discussions
To compare the thermal properties between the Mg 85 Zn 6 Y 9 and the α-Mg, the cell parameter changes with temperature were formulated with second order approximation. The determined equations are for Mg 85 Zn 6 Y 9 and α-Mg, respectively. By differentiating the equations of cell parameter change, the thermal expansion coef cients along a-and c-axes, αa and αc, can be determined separately. The equations of thermal expansion coef cients and the thermal expansion coefcients at 300 K are summarized in Table 2 . The thermal expansion coef cient of the α-Mg at 300 K is almost same value reported by Hidnert and Sweeney.
16) The thermal expansion coef cients of the Mg 85 Zn 6 Y 9 are much smaller than those of the α-Mg. According to the general relationship between the property and potential energy, the small thermal expansion coef cient indicates the potential energy curve is deep and narrow, and the bonding energy is large. 17) These thermal stabilities of the atomic bond are consistent with the high melting point and high modulus of elastic properties of LPSO Mg alloys. Furthermore, the transition metals such as Zn and Y are brittler than typical metals such as Mg due to the covalent bonding with 3d-electron. In the LPSO phase, Zn and Y atoms form the L1 2 cluster, 5, 6) which may contribute to make the potential energy much deeper and the modulus of elastic much higher.
In addition, anisotropic thermal expansion coef cients are observed for each sample. For α-Mg, the anisotropic thermal expansion coef cient has already been reported. 18 ) Similar behavior is observed for the Mg 85 Zn 6 Y 9 Mg alloy. The aniso- Table 2 Thermal expansion coef cients as functions of temperature. 
Conclusion
The cell parameters and the thermal expansion coef cients of the LPSO Mg alloy, Mg 85 Zn 6 Y 9 , and the α-Mg could be determined with SR and the Gandol camera we developed. We found the thermal expansion coef cients of the Mg 85 Zn 6 Y 9 are smaller than those of the α-Mg. Also, we observed the anisotropic thermal expansion coef cient for the Mg 85 Zn 6 Y 9 Mg alloy similar to that of the α-Mg. From the consideration of general energy potential, the small thermal expansion coef cient suggests the strong atomic bonding that may drive the mechanical advantages of LPSO Mg alloys such as a high melting point and high mechanical strength.
To determine the detailed structure of LPSO Mg alloys, the intensity of the weak diffuse scattering must be collected from a LPSO polycrystalline sample. As mention above, we ignored the diffuse scattering peaks when re ning the cell length of a-axis in this experiment. To overcome this issue, we plan to improve the Gandol camera attachment by speeding up φ-axis rotation to shorten the measurement time and lower the background intensity. The high signal to background ratio data enables us to extract the weak diffraction intensity from the diffuse scattering. The structure analysis system of the polycrystalline sample will be a useful tool to study various functional materials.
